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Vortex matter phases and phase transitions are investigated by means of Josephson plasma resonance in under- 
doped Bi2Sr2CaCu208+a single crystals in a microwave frequency range between 19 and 70 GHz. Accompanied by 
the vortex lattice melting transition, a jump of the interlayer phase coherence extracted from the field dependence 
of the plasma frequency was observed. In the solid phase, the interlayer coherence little depends on field at a 
temperature region well below Tc while it gradually decreases as field increases toward the melting line up to just 
below Tc- As a result, the magnitude of the jump decreases with increasing temperature and is gradually lost in 
the vicinity of Tc- This indicates that the vortex lines formed in the vortex solid phase are thermally meandering 
and the phase transition becomes weak especially just below Tc. 
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Studies of the mixed state in high-Tc supercon- 
ductors have brought about deeper understand- 
ings of the vortex matter in this decade. Most 
significant notion here is in the existence of the 
first order vortex lattice melting phenomenon [Q 
occurring at Hm as shown in Fig. l] schematically. 
In high-Tc superconductors, this lies well below 
the upper critical field Hc2 expected from the 
mean field approximation. This drastic change 
of the phase diagram has led much interest espe- 
cially in the vortex liquid state existing above the 
first order vortex lattice melting transition (and 
the irreversibility line) below Hc2 line. Since the 
macroscopic superconducting phase coherence is 
lost there, the vortex liquid state has been consid- 
ered as a non-superconducting state having only 
the short range coherence. 

In Bi2Sr2CaCu208+5 (BSCCO), the vortex lat- 
tice melting transition occurs in temperatures 
and magnetic fields being easily accessible exper- 
imentally. The first order character of the phase 
transition continues up to the critical point, at 
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which it changes the character to the second order 
phase transition and continues to the irreversibil- 
ity line and the horizontal line so called the sec- 
ond magnetization peak as shown schemati- 
cally in Fig. [^. So far, most of the Josephson 
plasma resonance (JPR) have been done in the 
vortex liquid phase except little study in the other 
vortex phases. JPR can provide quantitative in- 
formation on the interlayer coherence between 
adjacent superconducting Cu02 layers in highly 
anisotropic superconductor such as BSCCO. The 
Josephson plasma frequency in a finite field and 
a temperature is expressed as 



cjliH,T) = ^2(T)(cos^„,„+i)(iI,T), 



(1) 



where (pn,n+i is the gauge invariant phase dif- 
ference between two adjacent n-th and n + 1-th 
layers, and (■ • •) means the thermal and the spa- 
tial average. Here, ujp{T) = ^4edjc(T)/e/i is the 
zero- field plasma frequency with d, jc{T), and e 
being the distance between adjacent layers, the 
temperature dependent critical current along the 
c axis, and the high frequency dielectric constant, 
respectively |^ . Since the interlayer phase coher- 
ence {cosLpn^n+i){H,T) directly indicates the c 



axis correlations of pancakes, it is of considerable 
interest in studying the different vortex states dis- 
criminated by the various phase transition lines 
by means of JPR ||-§. 

In Ref. 0,11 , abrupt jump of the plasma fre- 
quency accompanied with the melting transition 
is reported. Their result indicates that the clear 
jump of the phase coherence continues up to T^ 
and the jump suddenly disappears at Tc- Accord- 
ing to Blatter et al., the first order melting tran- 
sition is weaken near T^ M and the symptoms 
have been found experimentally |10|. Quite re- 
cently, Koshelev and Bulaevskii also pointed out 
that the interlayer coherence does not change con- 
siderably at the melting transition in low fields (in 
the vicinity of Tc) because of strong meandering 
of the vortex lines ||ll| . 

In this paper, we discuss the melting transition 
quantitatively and the vortex state especially for 
the vortex solid phase below the melting tran- 
sition in terms of the interlayer coherence ex- 
tracted from JPR measurements as functions of 
microwave frequency, temperature, and magnetic 
field. As consequences, the change of interlayer 
coherence at the transition is quite small espe- 
cially in the vicinity of Tc, where the vortex lines 
are not straight but meandering strongly even in 
the vortex sohd state. 

JPR measurements were performed in a mi- 
crowave frequency range between 19 and 70 GHz 
in an under-doped BSCCO single crystal with 
Tc of 72.4 K. Frequency-stabilized microwave was 
generated by a signal swept generator or Gunn os- 
cillators and the resonance was detected either by 
sweeping external magnetic field at a fixed tem- 
perature or by sweeping temperature at a fixed 
field. Details of the experimental setup are de- 
scribed in Ref. Q 

Figure 0(a) represents typical resonance curves 
obtained by sweeping magnetic field. The reso- 
nance appears from 25 K in a finite field, the res- 
onance field shows maximum around 30 K, and 
it disappears above 59 K, where the zero field 
plasma frequency ujp{T) coincides with the inci- 
dental microwave frequency of 52.4 GHz. At all 
frequencies below 64 GHz, we observed similar 
feature of the resonance: the resonance field once 
increase and decrease as temperature increases. 



and the resonance disappears below Tc- It is 
noted that the resonance becomes hysteretic and 
quickly moves towards low field as temperature 
is decreased below 30 K, and it is no longer ob- 
servable below 20 K. As clearly seen in Fig. ||(a). 
It is also noticeable that the resonance line width 
which becomes larger quickly below the temper- 
ature at which the resonance field is maximum. 
By sweeping temperature on the contrary, a sharp 
resonance is observed below 68 Oe as shown in 
Fig. |(b). 

In Fig. 0, temperature dependences of the reso- 
nance field Hres at 12 frequencies between 18 and 
64 GHz together with temperature dependence 
of the vortex lattice melting field {Hm) obtained 
by the magnetization measurements by a SQUID 
magnetometer in the same crystal are plotted. 
Hres at a given temperature decreases with in- 
creasing frequency, and the resonance is observed 
not only in the vortex liquid state but also in the 
vortex solid state below Hm- The temperature 
dependence of Hres below Hm is similar to the 
one in the liquid state: a broad maximum around 
30 K and Hres decrease toward Tc- Below 30 K, 
Hres decreases toward low temperature at all fre- 
quencies even below Hj^j. As shown in the inset 
of Fig. g(b) , the resonance positions obtained by 
sweeping both magnetic field and temperature co- 
incide above the maximum. This means that the 
thermal equilibrium state of vortices is realized 
even in the solid phase above the maximum by 
sweeping magnetic field, whereas it is not below 
the maximum. In previous studies, this inequilib- 
rium state has been explained due to a pinning 
effect in the vortex glass state because the max- 
imum of Hres almost coincides with Hirr shown 
in Fig. n. Although this explanation may be valid 
for the resonance above Hm, the behaviors of the 
resonance in the solid phase implies that there is 
also a phase boundary similar to Hirr line even 
below Hm indicated as a dotted line in Fig. 111. 

In our previous publication [ p3[ the tempera- 
ture dependence of JPR in zero magnetic field 
Wp(r) was explained by the two fluid model very 
well as 
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where f = TUjplO) is the reduced scattering 
rate. Using Eq. (|l|) and Eq. ^, we can de- 
rive the interlayer coherence without ambiguity. 
The normahzed field dependence of the inter- 
layer phase coherence ujp{H,T)/LUp{T) at Hm is 
plotted as a function of field in Fig. |[ It is 
clearly observed that the interlayer phase coher- 
ence abruptly jumps in the vicinity of Hm with 
decreasing magnetic field at low temperatres be- 
low 55 K. This jump can be attributed to the first 
order phase transition from liquid to solid as re- 
ported previously M . Although the magnitude of 
this jump is clearly noticeable, it amounts only to 
0.65 at most and becomes even smaller at higher 
temperatures. Such a relatively small jump of 
the phase coherence at Hm is partly caused by 
the precursor reduction of the phase coherence al- 
ready beginning well below Hm, indicating that 
the strong thermal phase fluctuations dominate 
in wide temperature region below Tc- The inter- 
layer coherence continues to survive even above 
Hm and seems to follow the 1/H dependence very 
well in good accordance with the theoretical pre- 
diction 0. 

The magnitude of the jump of the interlayer 
coherence decreases as temperature increases, the 
sharp jump gradually disappears and turns to a 
broad increase above 65 K. In terms of the inter- 
layer coherence, this result is interpreted that the 
vortex lattice melting transition becomes weaker 
as temperature increases and finally looses one of 
the characteristics of the first order phase transi- 
tion in temperatures considerably below T^ (5-7 
K). This is in contrast to the results in Ref. M, 
where the change of interlayer coherence accom- 
panied by the first order transition seems not to 
depend on temperature. Koshelev and Bulaevskii 
have derived a relation between plasma frequen- 
cies and the vortex wandering length r^ defined 
as mean deviation of two pancake vortices of a 
vortex line at neighboring layers, which docs not 
depend on the wandering mechanism of vortex 
lines ||ll|] . They conclude that in the low field re- 
gion of S < 20 G the wandering length of the vor- 
tex lines is comparable with the Josephson length 
Xj and the interlayer coherence does not change 
considerably at the melting transition. Here, Xj 
is given by the anisotropy parameter 7 and the 



interlayer spacing s as Aj = 7s. This suggestion 
is consistent with our experimental results in a 
sense that the abrupt jump at Tm in the vicinity 
of Tc is hardly visible due parhaps to the weaken- 
ing of the melting transition caused by the strong 
vortex fluctuations even in the vortex solid state. 

Finally, we mention about the line-shape of 
the resonance in the solid phase. As shown in 
Fig. g, the resonance line observed in the liq- 
uid state (between 35 and 46 K) is sharp and 
has a slight tail at higher field side, whereas the 
line in the glass and the solid phases is relatively 
broad and has a tail at lower field side. The line- 
shape in the liquid state has been explained by 
the dispersion relation of the longitudinal Joseph- 
son plasma mode [|l5|. On the contrary to this, 
non-uniform field distribution — interlayer phase 
difference tpn,n+i — over a layer may be generated 
in the solid and the glass phases, since pancake 
vortices are localized because of formation of the 
vortex lines. As a result, fn,n+i has relatively 
large inhomogenity over a layer, from which the 
low field tail and broadening of the line could be 
explained. 

In summary, the vortex lattice melting transi- 
tion is studied quantitatively in terms of inter- 
layer coherence by the Josephson plasma reso- 
nance. The transition becomes weaker at higher 
temperatures and the jump of the interlayer co- 
herence remarkably diminishes near Tc. This re- 
sult suggest that the fluctuations of the vortices 
even in the vortex solid phase is considerably 
strong and the melting transition may turn from 
the first to the second order. 
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Figure 2. A set of JPR hnes observed at 52.4 
GHz at various temperatures obtained by sweep- 
ing field (a) and at various fields by sweeping tem- 
perature (b). In the inset of (b), the resonance 
positions obtained by sweeping field and temper- 
ature are plotted as solid and open symbols, re- 
spectively. These agree well except for tempera- 
tures below 35 K. It denotes that these curves in 
(a) and (b) were obtained in increasing H and T, 
and no hysteresis due to sweeping H and T was 
found except when field was sweptbelow 30 K. 



Figure 1. Schematic vortex phase diagram in 
high-Tc superconductors with weak pinning in 
fields parallel to the c axis. 
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Figure 3. Temperature dependence of the res- 
onance field Hres for frequencies between 18.85 
and 63.5 GHz. Small symbols indicate observed 
resonance fields and large open circle indicates 
the vortex lattice melting transition observed by 
a SQUID magnetometer. 



Figure 4. The interlayer coherence 

{cos(pn,n+i){H,T) plotted as a function of mag- 
netic field normalized by Hm- Magnitude of the 
jump of {cosipn^n+i){H,T) at the vortex lattice 
melting transition is larger at lower temperatures. 
Thick Hne follows {cos(fn,n+i){H,T) oc H~^. 
The inset shows the temperature dependence of 
the zero field plasma frequency. Solid symbols 
indicate experimental results and solid lines were 
obtained by fitting Eq. (^ to experimental re- 
sults. The agreement between experiment and 
the model is very good. 



